A new wire-coated silver ion-selective electrode with a wider concentration range (10 -7 M -10 -1 M) was developed using 2-mercaptobenzothiazole (MBT) as a neutral ionophore. An optimum mixture of PVC, ionophore, dioctylphtalate (DOP) as a plasticizer and sodium tetraphenylborate (NaTPB) as an ion-pairing agent was used in preparing the coatings. The effect of various parameters, such as the electrode bed nature, coating composition and solution pH, on the efficiency of the electrode is described. It has been shown that platinum acts as a more suitable bed for electrode preparation, and exhibits a slope of 59.5 ± 1 mV over the whole range of studied concentrations. The selectivity coefficient of the electrode towards various interfering cations as well as its reproducibility, response time and lifetime of the electrode were estimated. The developed electrode was successfully used for the determination of trace amounts of silver in human hair and photographic waste as real samples and in the potentiometric titration of halides as an indicator electrode.
Introduction
Silver is a useful element in many respects, and its determination at low levels is needed because it is often present as an impurity in some ores. Its role in physiological processes has not been proved, but its presence in some part of the human body, such as human hair, is well known. 1 Silver also has an important role in electrical and electronic applications, photographic film production and the manufacturing of fungicides. 2 Thus, the determination of trace amounts of silver ion in various media is necessary. Various methods for the determination of silver at trace quantities have been proposed. They include spectrophotometry, [3] [4] [5] atomic absorption spectrometry, [6] [7] [8] [9] [10] inductively coupled plasma-mass spectrometry, 11 fluorometry, 12 stripping voltammetry, 13 flowinjection analysis, 14 electroanalysis 15, 16 and radioisotope dilution. 17 Most of these methods, in spite of their good sensitivities, are very expensive and time consuming in practice; however, potentiometric methods, by using well-tailored ionselective electrodes, have the advantages of selectivity, cheapness and ease of operation. Amongst the various kinds of ion-selective electrodes, wire-coated electrodes are facile in preparation and exhibit lower detection limits with respect to those with an internal reference solution.
The first report concerning the development of coated-wire ion-selective electrodes (CWEs) was published by Cattrall and Freiser. 18 Afterwards, several CWEs for various inorganic and organic species, based on a conductive bed, were developed. 19 The main advantage of these electrodes toward other types of ion-selective electrodes arises from the fact that, in this case, there is no need for an inner electrolyte solution. In the present work, 2-mercaptobenzothiazole (MBT), a selective reagent for the extraction of silver(I) ion, 10 was used as a neutral ionophore. Other ionophores already used in the preparation of silver(I) ion-selective electrodes are thiacrown ethers, 20, 21 calixarens, 22 compounds containing sulfur 23 and nitrogen atoms, 24, 25 Schiff's bases, 26 and ligands bearing sulfur atoms. 27 Calixarens, because of the low linear concentration range and high interference of other ions, such as Hg 2+ , Cu 2+ and Cd 2+ , are not interesting. 28 Thiocrown ethers also have high interference with respect to the Hg 2+ ion. 29 Most of these electrodes lack good stability and sufficient selectivity, and suffer from a limited concentration and working pH range. In this work, an optimized mixture of PVC, ion-pairing agent, plasticizer and MBT ionophore in THF was prepared and used in the construction of a variety of ionselective electrodes with different conductive beds, such as silver, gold, platinum, copper and graphite. The potentiometric characteristics of all the electrodes were discussed, and the efficiency of developed electrode in the determination of trace amounts of silver(I) was also examined.
Experimental
Reagents 2-Mercaptobenzothiazole (MBT), dioctylphthalate (DOP), high molecular weight PVC, sodium tetraphenylborate, tetrahydrofuran (THF) were obtained from Fluka and used as received. All other chemicals used in this investigation were analytical-grade reagents from Merck. Doubly distilled water was used to prepare all solutions.
Apparatus
All of the emf observations were measured with a Metrohm 642 digital research pH meter, and were relative to a saturated calomel reference (SCE) electrode.
A spectrometric determination of silver(I) was achieved with a Shimadzu AA-670G atomic absorption spectrometer with a hollow cathode lamp and a deuterium background corrector.
Electrode preparation
Each optimized membrane contained a mixture of MBT ionophore, PVC, dioctylphtalate (DOP) plasticizer as a solvent mediator and sodium tetraphenylborate (NaTPB), (see Tables 1  and 2) . The mixture was then thoroughly dissolved in THF. Wire-coated electrodes were obtained by dipping each metallic or graphite wire into a THF solution containing the corresponding optimum mixture, until a thin-film coating was formed. This film was allowed to dry in air for 2 h. The electrodes were finally conditioned for 4 h by soaking them in a 10 -2 M solution of a silver nitrate solution. The experiment shows that copper wire is not suitable as an electrode bed because of its high reactivity toward MBT. 30 Indeed, copper wire is immediately corroded following its coating by a membrane mixture, which causes a destruction of the membrane and its separation from the copper wire surface. However, other metals and graphite allow one to make wire-coated electrodes with Nernstian responses, as illustrated in Fig. 1 .
Emf measurements
All measurements were carried out at 25˚C with a cell of the following type, depending the kind of ISE used: a) For WCEs:
Graphite rod or metal wire | ion-selective coating film | sample solution || SCE b) For membrane electrode:
Ag | Ag + 10 -3 M | ion-selective coating film | sample solution || SCE A saturated calomel electrode (SCE) was connected with a sample solution by means of a double junction containing a saturated KNO3 solution. The activities of ions were calculated based on the activity coefficient (γ) according to the following Debye-Huckel equation, which is applicable to any ion:
where, µ is the ionic strength and z the valence. 31 Procedure for silver determination in human hair A hair sample was initially washed once by acetone or chloroform and thrice with doubly distilled water. It was placed in oven (60˚C) for drying. Then, about 2 grams of the sample were weighed and poured into a 100 ml beaker, 12 ml of nitric acid (65% P. A. Merck) and 2 ml of perchloric acid (70% P. A. Merck) were added. The beaker containing the sample was heated in an oil bath for 45 min at 100˚C and 40 min at 150˚C. After completion of sample dissolution, it was cooled to 70˚C, and then 5 ml of H2O2 was added, and again the mixture was gradually heated up to 200˚C to completely dry the sample. After drying, a white residue appeared in the beaker, which was cooled to 100˚C. After adding 5 ml of bidistilled water and 10 ml of nitric acid (65%), the mixture was heated for 2 h at 100˚C. The obtained clear solution was transferred into a 10 ml volumetric flask which contained 1 ml of 10 -2 M EDTA. Neutralization was carried out by few drops of a 5% NaOH solution, and the flask was filled up to mark with bidistilled water. This solution was used for Ag + determination by an ionselective electrode using the standard addition method.
Procedure for silver determination in photographic waste
For this purpose, 5 ml of nitric acid (65%) was added to 50 ml of a waste sample. The mixture was heated to 100˚C for 30 min. The resulting solution was transferred into a 50 ml volumetric flask, and the volume was adjusted by bidistilled water.
An aliquot of this solution was used for the determination of silver by potentiometry or atomic absorption spectrometry (as a reference method). 
Results and Discussion
Optimum conditions for preparing coating or membrane mixture The optimum composition of a membrane or coating mixture is that which exhibits a Nernstian slope and a wide dynamic range of concentration when it is used as an electrode coating or membrane. For this purpose, mixtures (1 -5) with different compositions of the constituents were prepared and used as coatings ( Table 1 ). The next mixtures were prepared using the simplex calculation. 32 This was continued until the optimum mixture was obtained. The composition of such mixtures and their potential responses, when the platinum wire is the electrode bed, are summarized in Table 1 . As can be seen, the best Nernstian slope, a wider dynamic range and a lower limit of detection were obtained for a coating with MBT (4%), PVC (33%), DOP (60%), NaTPB (3%) (w/w), (5th mixture). The experimental slope for this coating was 59.5 ± 1 mV/decade activity of Ag + ions at 25˚C.
The optimum mixtures obtained for other beds are tabulated in Table 2 . An optimized mixture for a membrane electrode with AgNO3 10 -3 M as an internal filling solution and an Ag wire as an internal reference electrode was also obtained, as indicated in Table 2 .
Effect of an electrode bed
To investigate the effect of the bed nature on the efficiency of wire-coated electrodes, each optimized mixture was used in the preparation of electrodes with a corresponding conductive bed, namely silver, gold, platinum and graphite. After conditioning, the electrodes were used to measure the potential of solutions with a similar ion strength adjusted by 0.1 M LiNO3 and various concentrations of Ag + . Plots of the measured potentials as a function of -log CAg+, i.e. pAg + , are presented in Fig. 1 . The dynamic range of the concentration and the limit of detection for each electrode were estimated by the procedure stated in Ref. 33 . It seems that the detection limits and dynamic ranges for wire-coated electrodes are influenced by the nature of the bed, and that the detection limit decreases with increasing the chemical affinity of the ionophore towards the bed matrix, and is also influenced to some extent by its resistivity ( Table 3) . The large difference between the limit of detection of electrodes with a graphite bed and other metallic wires seems to be explained by its difference in resistivity from that of graphite. This would be true if the electrode potential performance is attributed to the electron exchange mechanism at the coatingbed interface and to the ion-exchange process at the coatingsolution interface. 34 An E vs. pAg + plot for a membrane electrode with internal solution is also illustrated in Fig. 1 . Such an electrode also exhibits a limited concentration range and a higher limit of detection with respect to other wire-coated electrodes.
Electrodes characteristics
The potential response of various wire-coated ion-selective electrodes based on the optimum mixture of coatings is illustrated in Fig. 2 . Among these, the Ag + ion with a more sensitive response seems to be suitably determined with electrodes based on MBT. This can arise from the fact that MBT has the capability of a 1:1 complex formation with silver ion via a sulfur atom that is out of the five-membered ring of the ligand. As shown in Fig. 1 , all of the wire-coated electrodes exhibited a linear response against the activity of the Ag + ion over a wide concentration range, and had a slope not significantly different from 59 mV. Among these, platinum and silver wire coated electrodes had wider concentration range of 10 -7 M -10 -1 M, and a lower limit of detection of 6.2 × 10 -8 M and 7.9 × 10 -8 M, respectively. Their slopes were also close enough to the expected Nernstian value. The dynamic range of the concentrations, limit of detection and slope for all electrodes are given in Table 3 .
Effect of the solution pH
The dependence of the electrode potential on the solution pH was studied for a platinum wire-coated electrode using a 1.0 × 10 -3 M solution of AgNO3 with various buffered pHs (Fig. 3) . can be seen that the potential remains nearly constant from pH 3 -7, which may be taken as the functional pH range of the ionselective electrode. At lower pHs, an increase in the electrode response is observed most probably because the interference of H + ions. Also, at pH values higher than 7, the hydroxylation of silver(I) ions causes a decrease in its concentration, and then a diminution of the electrode potential. Accordingly, the optimum pH for whole concentration range can be considered to be 3 -7.
Selectivity
The three main problems concerning ion-selective electrode measurements are the effect of interference from other ions in solution, the effect of the ionic strength of the solution (reducing the measured activity relative to the true concentration at high concentrations) and the drift in the electrode potential during a sequence of measurements.
The selectivity behavior, obviously one of the most important characteristics of an ion-selective electrode, determines whether a reliable measurement in the target sample is possible. This is measured in terms of the potentiometric selectivity coefficient (Kpot), which was evaluated by the fixed interference method (FIM) at a 1.0 × 10 -2 M concentration of various interfering ions. 35 Table 4 gives the potentiometric selectivity coefficient data of 2-mercaptobenzothiazole based CWEs for interfering cations relative to silver(I). Among the studied cations, Hg 2+ exhibits a larger selectivity coefficient, meaning that it has the nearest size and similar characteristics to the silver(I) ion. However, the interference of Hg 2+ is easily removed by the addition of EDTA in the test solutions.
Repeatability, reproducibility, lifetime and response time of the electrode
The efficiencies of three simultaneously prepared wire-coated electrodes with a platinum bed were examined by measuring their potentials in a 10 -3 M solution of AgNO3 and in the course of time. A potential of 361 ± 2 mV/SCE was obtained for a 1.00 × 10 -3 M solution of Ag + for ten successive measurements during three months, indicating a good repeatability of the electrode operation. Moreover, the electrode slope and the linear-response range remained unchanged after this period. Thus, the lifetime can be considered to be at least 90 days. In order to examine the reproducibility of electrode responses during the concentration changes, it was immersed successively in 10 -3 M and 10 -4 M solutions of AgNO3. The variation in the electrode response was recorded as a function of time, which is shown in Fig. 4 . According to this figure, no potential drift exists in the electrode response following successive changes in the Ag + concentration. Moreover, the time required for stabilization of the electrode response is about 10 s. Finally, the electrode can be stored in a dry state, and no further conditioning is necessary before each application.
Applications

Determination of silver in human hair
Although ion-selective electrodes are designed primarily for use in aqueous solutions, but in many applications these solutions may be contaminated by other components, such as fats, oils or proteins (e.g. milk, blood, fruit juices, brewing products, etc.). In these cases, the analyst must take steps to eliminate the organic molecules before immersing the electrodes, and must also be aware that only the water-soluble component of the analyte is recorded by the ISE measurement. Accordingly, in order to apply a wire-coated silver(I) electrode to the determination of silver in human hair samples, the procedure described in Experimental was used to eliminate any contaminants and to extract silver from the hair samples. The obtained results by this procedure are collected in Table 5 . The reliability of the data was examined by measuring the silver by atomic absorption spectrometry.
Determination of silver in photographic waste
Photographic films after developing are normally washed by tap water, which is evacuated as waste. This waste normally contains such a quantity of Ag(I) that requires a relatively sensitive method for its quantification. In this work, the developed Pt wire-coated electrode as well as the atomic absorption spectrometry were used for the determination of silver in waste samples treated according to the procedure presented in the Experimental section. The results obtained by these two methods, collected in Table 5 , are in good agreement with each other.
Potentiometric titrations
The proposed wire-coated ion-selective electrode was also applied as an indicator electrode in the potentiometric titration of Ag + with Cl -. The resulting titration curve is shown in Fig. 5 . As can be seen, the end of titration of a 50 ml 1.00 × 10 -3 M solution of Ag + by a 1.00 × 10 -2 M solution of NaCl appeared accurately when 5 ml of titrant was added. 
